Introduction
The maintenance of optimal concentrations of oxygen within the infected cells represents a key problem for the actively N 2-fixing nodules. The process of N 2-fixation itself is very sensitive to oxygen, with synthesis of nitrogenase being re pressed and its activity rapidly reduced or halted in response to high p 0 2 (Appleby, 1984). On the other hand there is the requirement of maintaining high respiration rates within the nodules to satisfy the high energy demand of the reactions catalyzed by nitrogenase. Especially activated forms of oxy gen can damage the legume root nodules severly (Gallon, 1992) . These activated forms include the superoxide anion radical (0 2*_), hydrogen perox ide (H 20 2), and the hydroxyl radical (OH*). Pos sible sites of 0 2'~ generation in nodules are leghem oglobin autoxidation (Puppo et al., 1982) 
, or
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Reprint requests to Dr. Bernhard Epping. FAX number; 07 11 -4 59 32 95. mitochondrial respiration chains (Rich and Bonner, 1978) . The defence system against 0 2*~ includes superoxide dismutase (SO D ), an enzyme that is ubiquitous in aerobic eu-and prokaryotes (Fridovich, 1986) . SOD-activity has been detected in bacteroids and free living bacteria of R h iz o b iu m le g u m in o sa ru m bv. p h a se o li (Dimitrijevic et al., 1984) , as well as in nodule host cells (Puppo et al., 1982) . Its reaction is one of the major sources for H20 2 in nodules. H owever, in nodules of P. v u l garis hydrogen peroxide can also be generated by the urate oxidase reaction, which is the key step for the formation of ureides. Together with 0 2*_, H 20 2 is involved in the oxidation of leghem oglobin as has been docum ented for soybean nod ules (Puppo et al., 1982) . Two different enzymatic reactions have been described for the removal of toxic H 20 2 in nodule tissues. The first involves cat alase activity which can be found in peroxisomes (Lorenzo et al., 1990 ) and bacteroids (Becana et al., 1986 ) of legume nodules, but effectiveness of the enzyme may be reduced by its high K",-value (D alton et al., 1986 ). An alternative system con sists of the joined action of an ascorbate specific peroxidase together with two alternative pathways If not removed by the above m entioned en zymes superoxide radical and hydrogen peroxide can react in a "Haber-Weiss" reaction to generate the hydroxyl radical which is the most potent oxi dant known (Scandalios, 1993) . Especially impor tant is its role in the destruction of biological membranes by peroxidation of polyunsaturated lipids (Rabinowitch and Fridovich. 1983 ). The only way to deal with such chain propagating sub stances that remains in biological tissues is the re action with antioxidants, such as ascorbate (Rabi nowitch and Fridovich, 1983) . There is evidence that SO D and catalase may be involved in main taining membrane integrity in legume root nod ules (Puppo et al., 1991) .
If the action of SOD, catalase, and ascorbate peroxidase is a prerequisite for an optimal nitrogenase reaction in legume root nodules, a cor relation between the activities of these enzymes can be predicted. Data obtained from soybean root nodules indicate such a correlation between ascorbate peroxidase activity and nitrogenase ac tivity (Dalton et al., 1986) . There are also reports of a total lack of ascorbate peroxidase activity in nodules without nitrogenase activity derived from ineffective Bradyrhizobium strains (Staehelin et al., 1992) 
b).
The present paper evaluates the role of enzymes for the removal of toxic oxygen derivates in nod ules formed on P. vulgaris. Two experiments were performed with sym bioses differing in their rhizobial strains (experiment 1 ) or in their plant cultivars (experiment 2). Nodules were compared with regard to their nitrogenase activity and the activi ties of SOD. catalase. ascorbate peroxidase, and guaiacol peroxidase. Additionally, the activities of enzymes for the regeneration of the co-substrate in the ascorbate peroxidase reaction, as well as the total ascorbate content of the nodules were de termined.
In a third experiment, a decrease of catalase ac tivity was induced in vivo by the addition of a her bicide (3-amino-1.2,4-triazole). Subsequently, the effect on ascorbate peroxidase activity, glucose-6 -phosphate dehydrogenase activity, and nitrogen ase activity was followed. 
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Undisturbed, intact plants were assayed by closed system A R A in the pots used for hy droponic plant cultivation. Three pots, each con taining four plants of the plantIRhizobium com bi nation investigated, were sealed and 6 % of the air surrounding the roots was replaced by a corre sponding amount of instrument grade acetylene (Carroll et al., 1987) . Preliminary experiments had shown maximal ethylene production in the in terval between 5 and 10 min after injection of the acetylene. Gas samples (1 cm3) were, therefore, withdrawn at these times and analyzed for their ethylene content utilizing a gas chromatograph (HP 5890, Series II), equipped with a flame ioniza tion detector (FID) and a Porapak-N column. Oven temperature was set constant at 130 °C. A f ter the A R A , nodules were separated from the roots and their fresh weight was determined.
Nodule samples (0.6 g) were homogenized in 6 ml 25 mM EPPS buffer (N-2-hydroxyethylpiperazine propane sulphonic acid, pH 7.8) containing 0.2 m M EDTA and 2% PVP. The homogenate was filtered through a nylon mesh and then centri fuged at 15000xg for 15 min. The supernatant was used for enzyme analyses. All operations before analysis were carried out at 3 to 5 °C. With the exception of SOD, enzyme activities were m eas ured in a final volume of 1 ml using various ali quots of the supernatant.
The photochemical method described by Giannopolitis and Ries (1977) was employed to evalu ate the activity of SOD. One unit of SOD activity was defined as the amount of enzyme that caused 50% inhibition of the rate of p-nitro blue tetrazolium chloride reduction at 560 nm.
Activity of catalase was assayed in a reaction mixture containing 25 m M phosphate buffer (pH 7.0), 10 mM H20 2, and enzyme. H20 2 decom posi tion was followed at 240 nm (e = 0.039 mM-1 cm r1).
According to Nakano and Asada (1981), analy ses of ascorbate peroxidase activity were con ducted in a reaction mixture of 25 m M phosphate buffer (pH 7.0), 0.1 mM EDTA, 1.0 mM H20 2 , 0.25 m M ascorbate, and the enzyme aliquot. There was no change of absorption in the absence of H 20 2. The rate of ascorbate oxidation was measured at 290 nm (e = 2.8 mM' 1 cm *).
A reaction mixture of 25 mM phosphate buffer (pH 7.0), 0.05% guaiacol, 10 m M H 20 2 and en zyme served to investigate guaiacol peroxidase ac tivity (Staehelin et al., 1992) . The increase in ab sorption due to the formation of tetraguaiacol (e = 26.6 m M -1 cm -1) was followed at 470 nm.
The assay for monodehydroascorbate reductase utilized the procedure of Hossain et al. (1984) Activity of glucose-6-phosphate-dehydrogenase (EC 1.1.1.49) was determined according to Kuby and Noltmann (1966) . The reaction mixture con tained 100 mM triethanolamine buffer (pH 7.6), 6.6 mM MgCl2, 1.15 mM glucose-6 -phosphate, 0.37 mM NADP, and 100 jil enzyme aliquot. The rate of N A D PH formation was followed at 340 nm (e = 6 .2 mM-1 c m '1).
Total ascorbate content
Total ascorbate content in the nodules was de termined following the method of Law et al. (1983) . Nodule tissue (0.6 g) was homogenized in 6 ml of 5% meta-phosphoric acid and centrifuged at 22000 xg. For the reduction of dehydroascorbate the reaction mixture contained 0.4 ml aliquot of the supernatant, 0.6 ml of 150 m M phosphate buffer (pH 7.8) containing 5 m M EDTA, and 0.1 ml of 10 mM DTT. Samples were incubated for 10 min at R.T. before the addition of 0.1 ml of 0.5% N-ethylmaleimide for the removal of excess DTT. The color reaction was induced by adding 0.4 ml of 10% TCA, 0.4 ml of 44% or/^o-phosphoric acid. 0.4 ml of 4% a-dipyridyl in 70% ethylalcohol, and 0.2 ml of 3% FeCl3. The mixtures were incu bated for 40 min at 40 °C before spectrophotometric measurement being carried out at 525 nm. Concentrations were calculated according to a previously established standard curve.
Results
Nitrogenase activities on a per plant basis fol lowed a different pattern for each symbiotic sys tem (Fig. 1A and D 
opment. Data obtained for this cultivar in symbio sis with the bacterial strains Ph 24 and WPBS 3605
declined from the beginning of the experiments through week five, whereas symbiosis with WPBS 3644 reached maximal nitrogenase activity in the fourth week. In contrast, nodules deriving from bean cultivar OAC Rico in symbiosis with WPBS 3605 revealed increasing values for total nitrogen ase activity with growing time (Fig. 1 D) .
Comparisons involving the activities of enzymes responsible for the removal of oxygen derivates were based on nitrogenase activity per g nodule fresh weight. In all nodules investigated, nitrogen-ase activity per g fresh weight declined with pro gressing age. In the first experim ent, nitrogenase activity in nodules derived from Ph 24 was always lower than in those derived from W PBS 3644 (Fig. 1 B) . In the second experiment, both symbio- ses exhibited similar nitrogenase activities three weeks after sowing but, thereafter, the symbiosis with cv. Brilliant as the macrosymbiont revealed a steeper decline in activity than the symbiosis with cv. OAC Rico (Fig. IE ) . Nodule mass increased with progressing plant age in both experiments (Fig. 1 C, and F) . In the first experiment, only small differences were ob served between the strains, indicating equal growth characteristics for nodules with different nitrogenase activities. In the second experiment, nodule weight of cv. Brilliant was elevated during the first four weeks. However, five weeks after planting, both symbiotic systems reached equal amounts of nodule biomass (Fig. 1 F) .
In both experiments, SOD activity declined with progressing nodule age (Fig. 2 A, and E) , while dif ferences between the compared symbiotic systems were negligible. Values found for catalase activity and ascorbate peroxidase activity revealed clear differences between the two experiments. Com parison of bacterial strains always revealed rela tionship between nitrogenase, catalase, and ascor bate peroxidase activity, with the strain exhibiting higher nitrogenase activity (i.e. WPBS 3644) also showing higher activity of the two latter enzymes. No such relationship was found when different nitrogenase activities were the result of different plant partners in the symbioses. Catalase and ascorbate peroxidase activities were nearly iden tical between nodules derived from bean cultivar OAC Rico or Brilliant (Fig. 2F, and G) .
Total peroxidase activity measured as guaiacol peroxidase activity increased with time in both ex periments reflecting a contrary pattern to all of the above mentioned enzymes (Fig. 2D , and H) . Values for guaiacol peroxidase activity were ex ceeding those found for ascorbate specific peroxi dase. While in the first experiment nodules inhab ited by bacterial strains with different nitrogenase activity revealed nearly identical values for guaia col peroxidase (Fig. 2 D ) , a different situation arose when plant genotypes were compared. Here, nodules with lower nitrogenase activity showed very high values for total peroxidase activity (Fig.  2H ) .
Activity of dehydroascorbate reductase was al most not detectable in both experiments (Fig. 3 A. and E) and relatively low values were found for glutathione reductase activity compared to those found for ascorbate peroxidase (Fig. 3C. and G) . In contrast, high values were recorded for activity of m onodehvdroascorbate reductase (Fig. 3B. and   F) . The first experiment revealed partly higher monodehydroascorbate reductase and glutathione reductase activities for the strain with higher nitro genase activity (Fig. 3B. and C) , while no differ ences were found by comparing different plant genotypes (Fig. 3F. and G) . In the first experiment, values for the total ascorbate content were greatly enhanced in nod ules with higher nitrogenase activity compared to those with lower nitrogenase activity (Fig. 3 D ) . Data obtained for this parameter in the second experiment were generally lower compared to the first which may reflect a characteristic of nodules derived from the bacterial strain WPBS 3605. Here, similar values of total ascorbate content were found in both sym bioses (Fig. 3H ) .
The addition of aminotriazole to the nutrient so lution led to a rapid decrease in the catalase activ ity in the nodules (Fig. 4A ) . Equal values for ascorbate peroxidase and glucose-6 -phosphate de hydrogenase activities were measured in treated nodules and controls (Fig. 4C , and D ) . Constant values were determined for nitrogenase activity during the com plete time course of this experi ment (Fig. 4B ) . On the other hand, there was an influence of the plant genotype on the expression of guaiacol peroxidase activity in the root nodule (Fig. 2H ) . The identical guaiacol peroxidase activities found in a comparison of different bacterial strains (Fig. 2 D ) (Fedtke, 1982) . Conclusions with regard to cata lase activity are limited to short time effects during the first hours after addition of aminotriazole.
Discussion
The constant values found for the nitrogenase activity after inhibition of catalase activity dem on strate that H20 2-removal by catalase is not essen tial for nitrogenase reaction in the root nodules of P. vulgaris. In our experiment, there was no concommitant increase in ascorbate peroxidase activ ity in response to lower catalase activities as it was described for the endosperm of Ricinus communis seeds cultivated for four days with aminotriazole (Klapheck et al, 1990) During the first 9 h after addition of triazole, the inhibition of catalase was not limiting for nitro genase activity in our study excluding a direct rela tionship between the removal of H20 2 by catalase and the nitrogenase activity in the bean root nodule.
